In this paper, we demonstrate, for the first time to the best of our knowledge, utilization of Bessel beams generated from a semiconductor laser for optical trapping and manipulation of microscopic particles including living cells. [2, 3] ) and called Bessel beams because their amplitude profiles are described by a zero-order Bessel function of the first kind. In the projection onto a transverse plane (perpendicular to the propagation direction) such a beam appears as a bright spot surrounded by concentric fringes. Bessel beams are generated via interference of convergent beams, which takes place when a collimated Gaussian beam passes through a cone-shaped lens (axicon). The central spot diameter of Bessel beam is determined by the axicon angle and can be of the order of a wavelength. In practice, Bessel beams exhibit a finite propagation distance which depends on the cross-sectional diameter of the initial collimated beam. Non-diffracting beams are extremely important in biomedical research through applications in optical trapping and tweezing [4] . The use of Bessel beams allows the distance between the focusing optics and manipulated objects to be significantly increased and eliminates the need in fine adjustment, which makes micromanipulation systems more flexible and attractive for practical applications. The utilization of Bessel beams also opens new horizons in microporation [5] , Doppler velocity measurement and colloid research [6] , manipulation of micro-machines [7] and micro-fabrication [8] . Unfortunately, since the first demonstration, Bessel beams have generally been produced only by reconfiguring the output beams from solid-state or gas lasers and it was believed that the main condition for generation of non-diffracting light fields is the coherence of light. But recently it was shown that non-diffracting beams can be formed from low-coherent light sources [9] and that the spatial rather than the temporal coherence of the light source plays the crucial role in formation of Bessel beams [10] . This opens up new avenues for generation of Bessel beams from the semiconductor light sources which are nowadays by far the most compact, reliable and efficient.
Abstract:
In this paper, we demonstrate, for the first time to the best of our knowledge, utilization of Bessel beams generated from a semiconductor laser for optical trapping and manipulation of microscopic particles including living cells. Non-diffracting light beams that are capable of retaining their intensity during propagation, have been reported in 1987 by Durnin [1] (and by Zel'dovich et al. and by McLeod as early as in the 1950s-60s [2, 3] ) and called Bessel beams because their amplitude profiles are described by a zero-order Bessel function of the first kind. In the projection onto a transverse plane (perpendicular to the propagation direction) such a beam appears as a bright spot surrounded by concentric fringes. Bessel beams are generated via interference of convergent beams, which takes place when a collimated Gaussian beam passes through a cone-shaped lens (axicon). The central spot diameter of Bessel beam is determined by the axicon angle and can be of the order of a wavelength. In practice, Bessel beams exhibit a finite propagation distance which depends on the cross-sectional diameter of the initial collimated beam. Non-diffracting beams are extremely important in biomedical research through applications in optical trapping and tweezing [4] . The use of Bessel beams allows the distance between the focusing optics and manipulated objects to be significantly increased and eliminates the need in fine adjustment, which makes micromanipulation systems more flexible and attractive for practical applications. The utilization of Bessel beams also opens new horizons in microporation [5] , Doppler velocity measurement and colloid research [6] , manipulation of micro-machines [7] and micro-fabrication [8] . Unfortunately, since the first demonstration, Bessel beams have generally been produced only by reconfiguring the output beams from solid-state or gas lasers and it was believed that the main condition for generation of non-diffracting light fields is the coherence of light. But recently it was shown that non-diffracting beams can be formed from low-coherent light sources [9] and that the spatial rather than the temporal coherence of the light source plays the crucial role in formation of Bessel beams [10] . This opens up new avenues for generation of Bessel beams from the semiconductor light sources which are nowadays by far the most compact, reliable and efficient.
In this paper we demonstrate, for the first time to the best of our knowledge, the utilization of the Bessel beams generated from a semiconductor laser for optical trapping and manipulation of microscopic particles including living cells. A schematic view of the experimental setup is shown in Fig. 1 . The edge-emitting semiconductor laser used for the generation of Bessel beams in these experiments was fiber-coupled with the output power from the fiber up to 600 mW and the emission spectrum centered at the wavelength of 1065 nm. The output laser beam was collimated and refocused by the optical system including a set of interchangeable microscope lenses with magnification ranging from x8 to x60 and a dichroic mirror transmitting backlight (see Fig.1 ). The Bessel beam was generated with the axicon of 160 0 apex angle, which allowed for the 1/e 2 -defined transverse size of the central lobe of ~7 μm. The size of the Bessel beam features was measured with a graticule (10 μm scales, 1 mm range). This graticule was placed in the focal plane of the microscope lens so as to enable detection of the Bessel beam passing through the scaled region. This ensured precise control of magnification of the microscope detection system. The optical power in the central lobe of the Bessel beam with losses in the optical scheme taken into account could be varied up to 20 mW. The setup requirements for the optical trapping experiments control were enabled by high-precision micropositioners introduced into the optical scheme and a video-recording microscope with a CCD camera. The micro-objects for the study were polystyrene beads (10 μm mean diameter) in the water solution as the high refractive index objects and water bubbles in oil as the low-index particles. The solution containing micro-objects was placed on a glass slide covered with a cover glass and controlled with a micropositioner.
We also studied the optical trapping of living red cells of rat blood. In experiment, rat blood was dissolved in water with addition of heparin to prevent clotting. The mean size of the cells was approximately 5 μm (measured with graticule, similar to measurement of the size of the features of the transverse projection of the Bessel beam). Fig.2 shows a series of experimental images demonstrating the two-dimensional optical trapping and the manipulation of a living red cell of rat blood in the central lobe of the Bessel beam generated from the semiconductor laser. Circles and arrows indicate the non-trapped object and its moving direction. No damage of the living cells was detected in the available optical power range. Our experiments demonstrate very good potential of the Bessel beams generated from semiconductor lasers to replace their vibronic counterparts in the applications of optical trapping and manipulation of micro-objects including living cells towards the lab-on-chip configurations.
